Staphylococcus aureus is a major cause of a variety of both local and systemic infections. It can invade human host cells, a process that may account for disseminated and recurrent infections. S. aureus postinvasion events in nonprofessional phagocytes are only partially understood. While morphological data suggest a phagosomal escape, there is a lack of corroborating functional data. Using a combination of pH determination and morphological techniques, we have tested the integrity of Staphylococcus-containing phagosomes in 293 (HEK-293), HeLa, and EA.hy926 cells over time. Rapid acidification of S. aureus-containing phagosomes occurred and was sustained for up to 24 h. All S. aureus strains tested displayed equally sustained intraphagosomal pH levels without exhibiting any correlation with pH level and hemolytic activity. The membrane morphology of the phagosomal compartment was heterogeneous, even under conditions where acidic pH was fully maintained, an observation incompatible with phagolysosomal membrane destruction. As an exception, S. aureus strain 6850 showed a reduced phagosomal acidification signal 6 h after invasion. Additionally, only strain 6850 failed to localize to LAMP-1-positive vesicles in HeLa cells, although this was observed only rarely. Several other strongly beta-hemolytic strains did not modulate phagolysosomal pH, suggesting that S. aureus ␣-toxin and ␤-toxin are not sufficient for this process. Taken together, our data suggest that S. aureus-containing phagolysosomes generally remain functionally intact in nonprofessional phagocytes, thereby contrasting with transmission electron micrographic results.
Staphylococcus aureus, a Gram-positive bacterium, is a leading cause of important nosocomial and community-acquired infections. It causes both local and systemic diseases, ranging from minor wound infections and abscesses to life-threatening conditions, such as endocarditis, osteomyelitis, sepsis, and toxic shock syndrome (5, 21, 29) . Although previously considered an exclusively extracellular pathogen, S. aureus has been shown to invade different types of mammalian host cells (3, 36) via a zipper-like mechanism similar to professional phagocytosis (7, 10, 27 ; reviewed in references 47 and 47a) . In addition, prolonged survival in professional phagocytes, such as macrophages (25) and neutrophil granulocytes (51) , has been observed in vitro, and transmission of infection by infected neutrophils has been experimentally shown in vivo (14) . Clinical studies also indicate a possible role for an intracellular staphylococcal reservoir in recurring diseases, such as rhinosinusitis (6, 38) .
Although a number of studies aimed at characterizing the intracellular life-style of S. aureus, the fate of internalized bacteria remains still unclear, with several reports of contrasting behavior regarding a phagosomal escape. Supporting the existence of the intact phagosome, colocalization studies using lysosomal dyes, such as LysoTracker, have shown the presence of S. aureus within acidic cellular compartments following internalization. To one extreme, live imaging of internalized S. aureus strains, including both normal and small colony variants (SCV) in human umbilical vein endothelial cells (HUVEC), showed that a fraction of bacteria can also survive within the phagosome for up to 5 days without any signs of an escape (43) . In contrast, electron micrographs (EMs) of infected bovine mammary epithelial cells (MAC-T) suggested that S. aureus strain Novel is located freely in the cytoplasm 3 h after internalization (3) . Furthermore, a colocalization experiment involving LysoTracker as a marker of phagosomal acidification demonstrated a lack of acidification of phagosomes in HeLa cells containing wild-type staphylococci, with intact expression of the accessory global regulator agr (42) . Similarly, wild-type staphylococci were also rarely positive for LAMP-2, a characteristic marker of phagolysosomes. From this study, it was concluded that the subsequent transition to an autophagosome provided the grounds for an escape by S. aureus from the membrane-bound confinements that ultimately leads to a caspase-independent death of the host cell (42) .
S. aureus ␣-toxin, a 33.2-kDa polypeptide encoded by hla, has recently been reported to be a key factor in the phagosomal escape of S. aureus in CFT-1 cells, a human cystic fibrosis airway epithelial cell line (20) . Secreted as a water-soluble monomer, ␣-toxin assembles on cell membranes to form a water-filled pore, thus unfolding cytotoxic, hemolytic, and dermonecrotic activities (49) .
So far, the studies on potential phagosomal escape by S. aureus were essentially based on fluorescence or electron microscopic methods to investigate the subcellular localization (3, 19, 42, 43) . In spite of these morphological data, there is a considerable lack of functional data for the fate of S. aureuscontaining phagosomes (SACP). During phagosomal maturation, the phagosomal compartment is acidified and maintained at a low pH by vacuolar ATPases (V-ATPases) (reviewed in reference 15). A V-ATPase has been shown to be active in 293 cells (28) . Thus, monitoring of phagosomal pH over time is a valuable tool for measuring the integrity and functionality of the phagosomal compartment.
The main goals of this study were (i) to obtain functional evidence for the destruction of the phagolysosomes in human nonprofessional phagocytes and (ii) to establish whether a phagosomal escape is a general property of S. aureus. Additionally, we tested the role of the global regulator SigB, the alternative S. aureus -factor, in phagosomal modulation.
MATERIALS AND METHODS
Cell lines and growth conditions. HeLa (human cervix carcinoma) and 293 (human embryonic kidney) cells were obtained from the German Collection of Microorganisms and Cell Culture (DSMZ). The human endothelial cell line EA.hy926 (8) was kindly provided by Volker Gerke (Münster, Germany). All cell lines, including the murine macrophage-derived cell line J774, were maintained in Dulbecco's modified Eagle's medium (DMEM)-Nut Mix F-12 medium nutrient mix (Gibco) supplemented with 10% fetal calf serum (FCS; Biochrom, Berlin, Germany), 50 IU ml Ϫ1 penicillin, and 50 mg ml Ϫ1 streptomycin (PAA Laboratories, Pasching, Austria) under standard tissue culture conditions at 37°C and with 5% CO 2 . The cells were split by trypsinization (trypsin-EDTA) twice a week. The cell lines were routinely tested for Mycoplasma infection every 6 to 8 weeks using a PCR Mycoplasma test kit from AppliChem (Darmstadt, Germany).
Bacterial strains and fluorescein isothiocyanate (FITC) labeling. The staphylococcal strains used in this study are listed in Table 1 . Strain 6850 is a clinical isolate that caused bacteremia and metastatic abscesses, produces ␤-lactamase (39), and had been used earlier to study small colony variants (2) . It is a strong ␣-toxin producer, as shown by transcriptomics (11) and phenotypically by ␤-hemolysis on blood agar. It also produces ␤-toxin and ␦-toxin. We have shown previously that it is cytotoxic for HUVEC (16) and human mesothelial cells (17) . We have reported that 6850 is strongly invasive (ϳ120% to 150% of Cowan I for 293 cells and Ea.hy926 cells) (18) . Invasiveness for HeLa cells was similar (unpublished data). The surface displays of fibronectin-binding proteins (FnBPs) were comparable for 6850 and Cowan I (18) . Phenotypical control of the bacterial colonies grown on sheep blood agar was performed. To compare hemolytic activities, S. aureus strains were plated on horse blood and sheep blood agar for detection of ␣-toxin and ␤-toxin, respectively. Agar plates were incubated overnight at 37°C, cooled at 4°C for 2 h, and left at room temperature for another 2 h prior to transillumination analysis of hemolysis.
Mueller-Hinton (MH) broth (without agitation) and MH agar were used for the routine bacterial culture (overnight) at 37°C. The medium was supplemented with chloramphenicol (10 g ml Ϫ1 ) wherever appropriate. Staphylococci were labeled with FITC (dissolved in dimethyl sulfoxide [DMSO] ) for 30 min, as described previously (22, 46) , and resuspended in phosphate-buffered saline (PBS) supplemented with 1% human serum albumin (HSA). Prior to infection, the optical densities at 540 nm (OD 540 ) of different FITC-labeled bacterial suspensions were adjusted to 1. Control experiments performed with suspensions of live bacteria yielded the equivalent of 1 ϫ 10 8
CFU ml
Ϫ1 per 1 OD 540 unit for strain Cowan I (not shown).
Host cell infection. Adherent host cells were seeded and grown overnight in a 24-well culture dish to subconfluency (3 ϫ 10 5 cells/well for 293 cells and 2 ϫ 10 5 cells/well for HeLa, EA.hy926, and J774 cells). Prior to infections, cells were washed with DMEM-Nut Mix F-12 medium nutrient mix containing 10% FCS, 50 IU ml Ϫ1 penicillin, and 50 mg ml Ϫ1 streptomycin (complete medium). The cell culture medium was subsequently replaced with 500 l of invasion medium (10 mM HEPES [pH 7] in DMEM-Nut Mix F-12 medium nutrient mix with 1% HSA). The cells were cooled on ice for 10 min, and 50 l of FITC-labeled staphylococcal suspensions was added to each well. Infection was synchronized by sedimentation of the bacteria at 4°C for 1 h, and invasion was subsequently started by shifting to 37°C. Following incubation for 55 min, extracellular bacteria were eliminated by removal of the invasion medium and incubation with medium supplemented with lysostaphin at 37°C for 10 min (final concentration, 20 g ml
Ϫ1
; AMBI, Lawrence, NY). Cells were further incubated in complete medium for various intervals, as indicated in the figures.
Flow cytometry-based pH monitoring. Cells were trypsinized, transferred to 5-ml round-bottom 12-by 75-mm polystyrene (fluorescence-activated cell sorting [FACS] ) tubes (Falcon; BD, Heidelberg, Germany), pelleted, and resuspended in PBS with 1% HSA. To obtain dose-response curves, neutralizing agents (NH 4 Cl, chloroquine, and bafilomycin A1 [LC Laboratories, Woburn, MA]) were added to the cells at designated concentrations and incubated at 37°C for 15 min (bafilomycin A1 and NH 4 Cl) or 20 min (chloroquine) prior to flow cytometric measurement.
Each sample was aliquoted and incubated with and without 50 M monensin for 15 min at 37°C prior to analysis. Quenching of FITC fluorescence by low pH was used as a marker for acidification. The difference in Fl-1 fluorescence signals (expressed as the difference between numbers of arbitrary fluorescence units [⌬AFU] ) in samples without monensin and the monensin-treated counterpart was used as a readout for pH (see below).
Samples were analyzed with a FACSCalibur (Becton Dickinson). For each cell type, a preset fixed forward scatter and side scatter (FSC-SSC) gating and a fixed amplification were used, and fluorescence in the Fl-1 channel was analyzed with propidium iodide (PI; Fluka Biochemika, Buchs, Switzerland) exclusion in Fl-3 after addition of 5 mg ml Ϫ1 PI. Histograms of fluorescence (Fl-1 height) of FSC-SSC-gated cells were obtained after acquisition; fluorescence intensity markers (M) were preset generally to include Ͻ2% of the cells of the respective negative controls (cells only).
The quenching of FITC fluorescence (excitation at 488 nm/emission at 520 nm) is proportional to acidic pH. The invasion rate with monensin (total internalized bacteria), expressed as numbers of arbitrary fluorescence units (AFU), Bacterial viability and lysostaphin protection assay. Bacterial viability was determined by serial dilution and plating following incubation with 100 g ml Ϫ1 FITC in 0.1 M NaHCO 3 buffer (pH 9.0) or components of this solution for 1 h. As a control, bacteria were incubated in PBS containing 1% HSA. Bacteria were washed in 1% HSA-PBS, appropriate dilutions were plated on MH agar and incubated at 37°C overnight, and the CFU were counted.
To further exclude any negative effect of FITC labeling on the intracellular viability of the bacteria, a lysostaphin protection assay was performed. Cells were infected with FITC-labeled staphylococci as described above, including addition of 20 g ml Ϫ1 lysostaphin (see above, "Host cell infection"). Infection with unlabeled bacteria served as a control. After 2 or 6 h of overall infection time, cells were lysed by adding 1 ml of sterile distilled water, and serial dilutions of the lysates were made in 1% HSA-PBS. Appropriate dilutions were plated in triplicate on MH agar and incubated overnight at 37°C, and the number of internalized bacteria was calculated from the mean numbers of CFU counted on the plates. Electron microscopy. For transmission electron microscopy (TEM), duplicates of samples analyzed by flow cytometry (293 and HeLa cells) were pooled and transferred to 1.5 ml Eppendorf tubes.
For Karnovsky fixation, 500 l Karnovsky fixative (2.5% glutaraldehyde, 2% paraformaldehyde, and 0.1 M sodium cacodylate buffer, pH 7.2) was added, cells were centrifuged (10 min at 1,000 rpm), and the pellet was incubated in the fixative for 30 min at 4°C. After three washing steps, the cells were left in the washing solution (0.1 M cacodylate [Hartenstein, Würzburg, Germany]) overnight at 4°C before further processing. For enhanced membrane preservation, samples were washed with PBS once and then fixed in cold 3% KMnO 4 (in distilled water) for 20 min at room temperature. All samples were then washed two times in 50 mM Sörensen buffer (87.8 mM Na 2 HPO 4 and 12.2 mM KH 2 PO 4 ; final pH 7.4), were incubated for 45 min in 2.5% glutaraldehyde with 50 mM KCl, 2.5 mM CaCl 2 , and 50 mM cacodylate (pH 7.4), were washed three times with 50 mM cacodylate, and were left overnight at 4°C in cacodylate before further processing. Subsequently, the samples were fixed for 2 h at 4°C with 2% osmium tetroxide (Roth, Karlsruhe, Germany) in 50 mM sodium cacodylate (pH 7.4) and stained overnight with 0.5% aqueous uranyl acetate. Specimens were dehydrated and embedded in Epon 812 (Serva, Heidelberg, Germany), and ultrathin sections were cut. At least 5 randomly chosen sections of each specimen were examined over the complete extension of the section (Ͼ10 fields per section at ϫ8,000 magnification) using an EM10 and an EM900 electron microscope (Zeiss, Oberkochen, Germany). Photographic negatives were scanned, and representative fields of interest were selected and adjusted to similar brightness and contrast levels using Adobe Photoshop CS.
Confocal fluorescence microscopic measurements of SACP pH. For infection, SNARF1-labeled staphylococci were used. For direct labeling with SNARF1-succinimidyl ester (SNARF1-SE; Invitrogen, Karlsruhe, Germany), the bacteria were incubated in PBS containing 125 g ml Ϫ1 SNARF1-SE for 1 h at room temperature, harvested by centrifugation at 3,000 ϫ g for 10 min, resuspended in PBS, and incubated with shaking at 37°C for 10 min. After centrifugation, the bacterial pellet was resuspended in invasion medium and added to the host cells. Images were acquired by a Zeiss LSM510 META confocal laser scanning microscope with 8-bit depth in line-switching multitrack mode following excitation of SNARF1 at 561 nm. Using the 405/488/ 561-nm dichroic mirror and the META detector, two parts of the pH-dependent ratiometric emission spectrum of SNARF1 were recorded, covering the ranges of 571 to 603 nm (S2) and 635 to 753 nm (S1). Each line was scanned 8 times and averaged. Three independent experiments were performed, and in each, approximately 25 infected phagosomes were analyzed per sample (numbers of fields of view differed).
Image processing was performed using LSM 510 software (Carl Zeiss GmbH, Jena, Germany) and ImageJ (1). The acquired channels were processed with a 7-by 7-pixel low-pass filter, and a threshold of 25 was applied to remove background noise. A combined binary mask for both channels was multiplied with the filtered channel images. The final ratio image was created by image arithmetic (S2/S1 ϫ 10). Only the mean intensity of SNARF1 ratio signals in the direct vicinity of staphylococci was analyzed. A more detailed description of the method can be found in reference 12.
Fluorescence microscopy. Fluorescence microscopy was carried out with a Zeiss LSM510 META confocal microscope (Carl Zeiss, Jena, Germany). Confocal images, unless noted otherwise, represent ϳ1-m-thick confocal slices of the specimen. Yellow fluorescent protein (YFP) was excited by the 514-nm line of the argon ion laser with a 514-nm dichroic mirror, and emitted fluorescence was detected with the META detector, using a detection range of 518 nm to 550 nm. For LAMP1-YFP-based visualization of phagosomal localization, the beam path for SNARF1-SE fluorescence contained the 561-nm line of a yellow diode laser, a 561-nm dichroic mirror, and a 575-nm long-pass filter. Nonconfocal transmitted light images were generated in parallel to YFP detection by the 514-nm line of the argon ion laser with a transmitted-light detector below the specimen/focal plane. At least five fields were analyzed in three independent experiments; shown are representative fields.
Statistical analysis. Data from flow cytometric analysis and lysostaphin protection and recovery assays were expressed as means Ϯ standard errors of the means (SEM) of results from at least three independent experiments, performed in duplicate and triplicate, respectively. Microfluorometry data were presented as means Ϯ standard deviations (SD). For statistical analysis, the means of results from replicates were compared. Independent samples with symmetric, nonhomogeneous distribution without equal variances were assumed. Consequently, a one-sided Welch t test was performed, using Microsoft Excel 2003. A significant difference was assumed if the P value for the null hypothesis (H 0 ) (i.e., no reduction in ⌬AFU) was Յ0.01.
RESULTS

Monitoring of intraphagosomal pH by reversible fluorescence quenching of FITC-labeled staphylococci.
The reversible quenching of FITC fluorescence can be used to monitor the pH of SACP after invasion, using FITC-labeled staphylococci as a probe. Synchronization and pulsing of invasion assays with FITC-labeled S. aureus were performed by removing extracellular bacteria using the glycyl-glycyl endopeptidase lysostaphin. The efficiency of the lysostaphin killing of extracellular staphylococci was confirmed by plating infection media, which were sterile (data not shown). In subsequent flow cytometric analyses, FITC fluorescence signals were obtained from parallel aliquots of samples, one of which was treated with the neutralizing ionophore monensin (34, 46) , whereas the other aliquot was not treated. The quenching of FITC fluorescence in untreated samples is dependent on phagolysosomal pH, while the sample with monensin treatment is expected to have maximum fluorescence intensity due to a neutral environment. Therefore, the signal can be expressed as the difference in the number of arbitrary fluorescence units (⌬AFU) between monensintreated and untreated samples, which correlates with SACP acidification.
To validate the ability of the assay to detect pH changes in SACP, increasing concentrations of neutralizing agents were added to 293 cells infected with live FITC-labeled S. aureus strain Cowan I. Addition of either NH 4 Cl or chloroquine showed dose-dependent reduction of ⌬AFU, demonstrating a quantitative and sensitive detection of intraphagosomal pH changes ( Fig. 1A and B) . Similar dose-response curves were obtained with chloroquine, fixed S. aureus strain Cowan I (data not shown), and prevention of phagosomal acidification with the addition of increasing concentrations of the V-ATPase inhibitor. As expected, brefeldin A, an inhibitor of anterograde vesicular transport, had no effect on pH (Fig. 1D) .
Initial experiments with fixed Staphylococcus carnosus TM300 (pFNBA4), a noninvasive staphylococcal strain ex-
pressing the S. aureus invasin FnBPA, using confocal microscopy confirmed that FITC-labeled bacteria were localized in an acidic compartment of HeLa cells after 6 h (data not shown). These controls further corroborate the data obtained by fluorescence quenching in flow cytometry, demonstrating that staphylococci were localized in an acidic compartment ( Fig. 1 ; see also Fig. 2 and 3) . In order to exclude a potential influence of FITC labeling on the viability of intracellular bacteria, we performed quantitative plating experiments with FITC-labeled and unlabeled bacteria. Incubation of different staphylococcal strains in FITCstaining solution or its components without FITC resulted in similar levels of recovery in both groups, as determined by CFU counting. This indicated that the viability of the staphylococci was not reduced by the labeling procedure (Table 2 ). In addition, lysostaphin protection assays showed comparable levels of intracellular viability with and without FITC labeling (Table 3) . Taken together, these results excluded an adverse effect of FITC labeling on both viability and potential intracellular replication of staphylococci.
Having established the positive and negative controls for the determination of intraphagosomal pH based on FITC quenching, we were interested in determining the acidification status of phagosomes in professional phagocytes after infection with (Fig. 1E) . Furthermore, ⌬AFU values in J774 cells were within a range of Ϫ9,000 to Ϫ7,000 and thus similar to ⌬AFU values observed in nonprofessional phagocytes, e.g., 293 cells (Fig. 1) . In addition to revealing the acidification status of the phagosomes in all tested cell lines, these results also demonstrated that the flow cytometric assay was able to detect a low intraphagosomal pH in SACP and that this assay was even sensitive enough to detect smaller pH changes.
Maintenance of profound acidification of nonprofessional phagosomes in three different cell lines for up to 24 h. Phagosomes of nonprofessional phagocytes undergo maturation in a manner similar to that found in professional phagocytes, such as macrophages and neutrophil granulocytes. One functional characteristic in this process is a rapid acidification of the compartment mediated by V-ATPase. As phagosomes of J774 macrophage cells maintained acidic pH even up to 24 h (Fig.  1E) , we wanted to ascertain if the nonprofessional phagocytes also behave in a similar fashion after infection with S. aureus. Therefore, we monitored the pH of phagosomes in three different human cell lines, including 293 (human embryonic kidney), HeLa (human cervix carcinoma), and EA.hy926 (HUVEC fusion) cells that were infected with FITC-labeled staphylococci for 1, 2, 4, 6, 8, and 24 h to observe the intraphagosomal pH course over time. Profoundly negative ⌬AFU levels, corresponding to an acidic pH, were already observed after 1 h postinfection and remained low for 24 h (Fig. 2) . Fixed S. aureus strain Cowan I and S. carnosus strain TM300 (pFNBA4) served as negative controls for phagosomal escape in 293 cells (Fig. 2A) . As expected, the pH of phagosomes containing fixed staphylococci was acidic and remained low over the observed time course. The development of pH over time of phagolysosomes harboring live staphylococci, over a time course, exhibited identical patterns in all the cell lines and both the bacterial strains tested (Fig. 2B to D) . This finding demonstrated sustained phagosomal acidification without any indication of a possible phagosomal escape by S. aureus, which otherwise would have neutralized the intraphagosomal environment.
General maintenance of functional integrity of phagosomes for a number of S. aureus strains in all three cell lines tested.
The sustained intraphagosomal acidity and phagosome membrane integrity observed for S. aureus strain Cowan I and S. carnosus strain TM300, harboring pFNBA4 (Fig. 2) , prompted us to determine whether the phagosomal escape observed by other laboratories is strain specific. Previous studies have reported the disappearance of a membrane surrounding intracellular staphylococci 3 h after internalization (3). Therefore, we expected a change in pH to be detectable upon comparison of the ⌬AFU values observed 2 and 6 h after internalization. To account for potential strain differences, we used a set of well-defined laboratory strains as well as a number of phenotypically different clinical isolates. The strains investigated include strain Novel, which has been used in the first report on phagosomal escape by S. aureus (3) . In contrast to our expectation, none of the tested strains showed a neutralization of the acidic pH (Fig. 3A to D) , suggesting the absence of phagosomal escape. In contrast, the intraphagosomal pH was found to be low and became even more acidic with time. Statistical analysis of the ⌬AFU values confirmed the apparent observation that there was no significant reduction in intraphagosomal acidification between 2 and 6 h. As we observed this in all strains tested, regardless of their beta-hemolytic activity, there was no detectable correlation between beta-hemolytic activity and phagosomal acidification. Furthermore, phagosomal pHs were rather similar in all the three cell lines used, especially at 6-h time points (Fig. 3) , with EA.hy926 demonstrating the fastest and most pronounced acidification (Fig. 3D) . Control experiments performed with 293 cells for strain Cowan I, using inoculums up to 4-fold higher than usual, yielded no difference for pH data at 2 h and 6 h (data not shown).
To corroborate the obtained flow cytometric data with a different method for pH measurement, we determined the a In order to account for minor variations in the actual staphylococcal suspensions, the fraction of the inoculum recovered from 293 cells is indicated as a per mille of the inoculum (i.e., of the number of input CFU) at 2 h and 6 h. The calculated MOI was ϳ10, with inoculums of ϳ5 ϫ 10 6 CFU/well. Data are shown as means Ϯ SEM of results from 5 (for Cowan I and 6850) and 3 ͓for TM300 (pFNBA4)͔ independent experiments performed in duplicate. Values for unlabeled controls were set to 100%, and recovery of labeled bacteria is expressed as a percentage of this control value in order to compare both values. Percent values were calculated from the raw data and subsequently rounded to integers. Statistical analysis using Welch's t test did not show a statistically significant difference between FITC-labeled and unlabeled bacteria (all P values were Ͼ0.25). a Staphylococci were resuspended in the media indicated. FITC staining buffer consisted of 0.1 M NaHCO 3 buffer (pH 9.0) supplemented with 100 g/ml FITC (isomer I; Molecular Probes), dissolved in DMSO (10% ͓vol/vol͔ final concentration). Data shown are means Ϯ SEM of results from 4 independent experiments performed in duplicate. The incubation time was 30 min. Statistical analysis using Welch's t test did not show a statistically significant difference between FITC-labeled bacteria and controls (all P values were Ͼ0.5).
intraphagosomal pH using the ratiometric pH-sensitive dye SNARF1 succinimidyl ester (SNARF1-SE). Bacteria were labeled with SNARF1-SE before infecting HeLa cells. At the time points indicated in Fig. 3E , the images were acquired by a confocal laser scanning microscope. The red (635 to 753 nm; S1) and the yellow fluorescence (571 to 603 nm; S2) spectra of SNARF1-labeled bacteria were collected, and a ratio channel was created. Following the analysis of the recorded fluorescence spectra, we found that the lumina of infected phagolysosomes were acidic (Fig. 3E) . As predicted, a control where samples were neutralized by employing the V-type ATPase inhibitor bafilomycin A1 exhibited neutral pH.
Lack of clear correlation between morphological membrane alterations and functional differences. To detect possible morphological membrane changes in the SACP, and as a means to visually complement the functional data obtained for the membrane integrity of the phagosome, we used Karnovsky fixation and subsequent TEM. 293 cells from the same pool were used for TEM after flow cytometric analysis. The host cells contained only few staphylococci, confirming the low multiplicity of infection (MOI) used for infection (calculated MOI, ϳ10). Intracellular individual cocci of live S. aureus strain Cowan I were either found in membrane-bound compartments or free, without any visible membrane around the bacteria (Fig. 4A  and B) . Both conditions could be detected as early as 2 h after invasion. Similar results were found in electron micrographs of infected HeLa cells (data not shown). As a second approach, sample preparation was performed using KMnO 4 , which is known to achieve a better visualization of cellular and intracellular membranes. The electron micrographs taken under these conditions equally showed both staphylococci confined in a compartment as well as intracellular bacteria without a visible surrounding membrane (Fig. 4C and D) . Thus, no difference could be seen when cells were fixed under conditions preserving all cellular components (Karnovsky fixation) or, preferentially, membranes (KMnO 4 fixation) (Fig. 4) . However, the morphological findings could not be correlated with the functional data, as the pH assay suggested that the SACP remained intact and acidified over the period of investigation postinfection.
Partial modulation of the phagosomal acidification signal by strain 6850. Of all tested staphylococcal strains, only S. aureus strain 6850 modulated the recorded phagolysosomal pH signal. In both 293 and HeLa cells, the signal (negative ⌬AFU values) at 6 h was consistently smaller than that observed at 2 h (Fig. 5A and B) and indicated a change in pH from acidic at 2 h postinfection to less acidic at 6 h within the SACP. The measurements of infected cells at 24 h gave results similar to those observed at 6 h. However, due to an increasing rate of cell death, these data were difficult to interpret. Cell death was more prominent in HeLa cells than in 293 cells (data not shown). Strain 6850 also displayed similar behavior in EA.hy926 cells (data not shown). Unlike for the modulation of the phagosome by strain 6850, phagosomes containing other bacterial strains, including Cowan I and TM300 (pFNBA4), consistently maintained an acidic environment, which became even more acidic with time.
The electron micrographs obtained in parallel with the flow cytometric pH measurements, however, did not provide additional evidence for phagosomal escape by strain 6850. As with strain Cowan I, strain 6850 was found in both states, that of being membrane enclosed and that of having an apparent (Fig. 5C to F) . Phagolysosomal LAMP-1 decoration in strain 6850. As S. aureus strain 6850 was the only investigated strain that was able to modulate the intraphagosomal pH, we were curious to examine phagolysosomal LAMP-1 decoration. Recently, a study reported a crucial role for ␣-toxin in phagosomal escape (20) , using LAMP decoration. Staphylococcal ␣-toxin had been implicated in phagolysosomal escape in cystic fibrosis airway epithelial cells (20) but not in cells complemented with a functional cystic fibrosis transmembrane conductance regulator (CFTR) (12, 20) . Thus, due to the absence of any correlation between the hemolytic activity and the ability to modulate the phagosomal pH, our previous results (12) suggest the existence of an effector other than ␣-toxin, involved in the modulation of phagosomal pH by strain 6850 (Fig. 6A) . We examined whether the bacteria were surrounded by a phagolysosomal membrane by infecting HeLa cells that expressed the lysosomal membrane marker LAMP-1 fused to YFP (12) . Of all investigated strains, only strain 6850 resulted in a few bacteria that were devoid of a LAMP1-YFP-labeled membrane envelope (Fig. 6) . Thus, it appears that only a fraction of phagosomes was affected by phagolysosomal modulation by 6850.
DISCUSSION
Phagosomal escape by a pathogen is an important virulence strategy for systemic infections, including spread to neighbor- Like several other pathogenic bacterial species, S. aureus has been reported to escape from the phagosome and to be found freely in the cytoplasm following invasion of nonprofessional phagocytes (3, 19, 20) . However, the absence of a clearly discernible structure corresponding to phagolysosomal membranes does not necessarily reflect the destruction of the membrane. Thus, we used a combination of several techniques to obtain both functional and morphological data in order to determine the fate of the phagosomal membrane in three different human cell lines (293, HeLa, and EA.hy926) (Fig. 2, 3 , and 5). The flow cytometric measurements of phagosomal acidification of SACP in a large cell population were complemented by pH measurement of individual SACP on a single-cell level (Fig. 3) . To avoid potential limitation by strain-specific results, we used a number of wellstudied laboratory strains as well as clinical isolates with different phenotypic characteristics (Fig. 2, 3, and 5 ).
In the current investigation, we demonstrated that FITClabeled staphylococci can be used as a probe to study the intraphagosomal pH of nonprofessional phagocytes using flow cytometry ( Fig. 1 and 2) . In all cell lines tested, a rapid acidification of the phagosomal lumen was observed within 2 h postinfection (Fig. 2, 3 , 5, and 6), and preliminary data suggest that a pronounced acidification already occurs within 1 h (data not shown). The assay was validated by a number of experimental approaches: (i) exogenous neutralization led to a dosedependent reduction in the signal (Fig. 1A to D) ; (ii) in a murine macrophage cell line, acidification was pronounced (Fig. 1E) , which is consistent with the recent literature (15, 35) ; and (iii) microfluorometry similarly showed a persistently low pH in HeLa cells for up to 6 h, as observed by flow cytometry (Fig. 3) . Phagolysosomal acidification was generally maintained for up to 24 h, regardless of whether bacteria were fixed or live ( Fig. 2 and 3) . The only exception to this was found for S. aureus strain 6850, which showed a decreased level of phagolysosomal acidification 6 h after invasion in comparison to the level for the 2-h time point. Combined with imaging on light and electron microscopic levels, our data suggest that S. aureus does not generally modulate phagolysosomal acidification. However, this does not exclude that further strains may be able to modulate phagolysosomal acidification. When modulation occurs, it appears not to be an all-or-nothing event (Fig. 5) .
Notably, we did not observe a clear correlation between morphological alterations of phagosomal structures in TEM and functional data (Fig. 4 and 5) ; although TEM studies employing different fixation techniques suggest the absence of the phagolysosomal membrane, the acidification status of the phagolysosomes does not change. The lack of a clear correlation between findings from the microscopic images and functional data is even more striking, since we used two different approaches to visualize phagosomal membrane structures, conventional Karnovsky fixation and KMnO 4 fixation (30) , which has been shown to highlight membrane structures in eukaryotic (33) as well as prokaryotic (50) cells.
Our findings are consistent with previous reports in which a phagosomal escape was not observed but a longer intracellular persistence, especially of SCV, was mainly found (43) . In con- aureus escapes more efficiently in cystic fibrosis cells than in their intact, i.e., CFTR-repaired counterparts (19) . Therefore, we hypothesize that a phagosomal escape may be cell line specific and may be facilitated by cellular defects or stress conditions. Among other cells, we have tested EA.hy926 cells, an endothelial cell line ( Fig. 2 and 3 ). These cells proved highly susceptible for staphylococcal invasion, and staphylococci survived within these cells for the complete observation time. The ability to invade and survive within endothelial cells may play an important role in the pathogenesis of intravascular infections, as has been suggested for experimental endocarditis (40) . It was reported previously that HeLa cells cannot acidify phagosomes containing agr ϩ S. aureus strains (42) . However, we were not able to detect major differences between the nonprofessional phagocytes tested, whereas a pronounced difference was detectable between two types of professional phagocytes, J774 macrophages (Fig. 1E ) and neutrophil granulocytes (data not shown), as reported previously (15, 35) . Whether the apparent discrepancy is due to a different technical approach remains to be determined, as the former result has been obtained using lysosomotropic fluorescent probes.
The exceptional phenotype of strain 6850 was most remarkable and stable. Due to the fact that the phagosomal pH determination by flow cytometry was based on a population measurement (i.e., the population of phagosomes in a population of host cells), the reduction in the signal (⌬AFU) over time with respect to strain 6850 could be explained by three scenarios: (i) a partial but rather equal neutralization of all phagosomes; (ii) the destruction of a proportion of phagosomes, leaving the rest of the phagosomes unaffected; and (iii) a combination of these events.
Whereas the TEM data yielded heterogeneous data with staphylococci partly enveloped by host cell membranes and partly without apparent phagolysosomal structures, acidification of phagolysosomes was uncompromised (Fig. 4 and 5) . S. aureus 6850, however, was observed to fractionate in a LAMP1-YFP-positive and -negative population within one host cell, which renders the first scenario unlikely (Fig. 6) . The rarity of bacteria without such bounding membranes can explain the relatively small decrease in ⌬AFU in the pH analysis. The destruction of only a small proportion of phagosomes could thus be responsible for minor changes in ⌬AFU, which was readily detected with the flow cytometric assay.
Interestingly, there was no difference between strongly betahemolytic strains (e.g., Wood 46, BS513, and 6850 ⌬sigB) and nonhemolytic strains (e.g., Cowan I and BS507) (Fig. 3) , suggesting no major role for ␣-hemolysin. This is in accordance with our most recent data obtained by anhydrotetracyclin-dependent heterologous expression of ␣-toxin within phagolysosomes of airway epithelial cells (S9 cells). In this system, there was no detectable evidence for a phagosomal destruction by ␣-toxin (12), suggesting that ␣-toxin alone may not be sufficient for a phagosomal escape. Furthermore, strain Wood 46 is a naturally occurring sigB mutant due to a stop codon mutation (23) . Despite the fact that Wood 46 is a strong producer of ␣-toxin, owing to negative regulation of ␣-toxin by SigB (53), this strain does not exhibit any phagosomal modulation (Fig.  3A) . Similarly, the sigB mutant of strain 6850 showed a more pronounced ␤-hemolysis due to having higher levels of ␣-toxin and ␤-toxin production than the wild type but was unable to alter phagolysosomal acidification (data not shown). In line with this, the ␣-toxin-deficient mutant of strain 8325-4 should show an even stronger acidification than the wild type, which was not the case (data not shown). Whereas the involvement of the agr system in phagosomal escape has been reported (20) , our data suggest that ␣-toxin may not be generally sufficient to mediate a phagosomal escape. This view is supported by a comparative genomic analysis of noninternalized and internalized S. aureus strain 6850, which showed that expression of hla was downregulated intracellularly (11) . However, presently we cannot formally rule out that ␣-toxin may act together with other factors. Since strain Wood 46 is a naturally occurring sigB mutant, we sought to investigate a potential role for SigB with the established flow cytometric analysis. For that purpose, we engineered a sigB-deficient isogenic mutant of strain 6850 and compared it to the wild type. 6850 ⌬sigB showed a more pronounced ␤-hemolysis due to having roughly 2-fold-higher levels of ␣-toxin and ␤-toxin production than the wild type but was unable to alter phagolysosomal acidification in 293 cells (data not shown), suggesting the requirement for sigB in phagosomal modulation by 6850. However, two complementation approaches using two different plasmids were not successful. We have used (i) p3086, containing sigB under the control of a tet-inducible promoter (37) , and (ii) pIK64, containing an 800-bp fragment (including sigB) under the very strong xylinducible promoter (26) . The former yielded a heterogeneous phenotype (i.e., variable hemolytic activity and pigmentation) on blood agar, indicating variable sigB activity, and reduced growth upon selection and induction. This precluded its use in the pH assay in this study, since this assay is based on a population measurement. The second plasmid yielded a homogeneous phenotype on blood agar. However, intracellular induction was not functionally successful, conceivably due to the presence of repressing glucose concentrations in cell culture media. Thus, we currently cannot exclude a potential polar effect of the mutation.
In summary, the presented data strongly suggest that only few of the isolates and laboratory strains of S. aureus are capable of phagolysosomal modulation. Whereas ␣-toxin is produced in an agr-dependent fashion, expression is reduced in SigB-positive staphylococci (4, 13, 26) , and overproducers of the pore-forming toxin do not show enhanced escape rates. Since phagosomal escape has been implicated in the induction of cell death (3, 9, 31, 32, 52) and intracellular persistence (11), e.g., of SCV (44), a more detailed understanding of the molecular processes is necessary. The nature of the effector(s) responsible for the phagolysosomal modulation (and potential escape) and the exact underlying mechanism remain to be determined.
